An Introduction to Chemical Evolution
This paper is mostly concerned with the observational side of chemical evolution; however, in order to interpret the measured abundance ratios it is necessary to understand some basic qualitative concepts in chemical evolution theory.
In the 1950s both observations and theory (Chamberlain & Aller 1951; Hoyle 1955; Burbidge et al. 1957; Preston 1959) indicated that most of the chemical elements were produced by stars and that the Galaxy had undergone chemical evolution due to nuclear processing by many generations of stars.
The Simple Model
Perhaps the most basic chemical evolution model is the Simple Model of van den Bergh (1962) and Schmidt (1963.) This idealized scenario begins with a mass of metal-free gas, and a constant rate of star formation (SFR), in stellar generations, with a fixed distribution of stellar masses, or initial mass function (IMF). Each stellar generation produces an identical mass of metals from its massive stars, and fossil remnants from the dwarfs; the metals are instantaneously, and homogeneously, mixed into the unused gas, thus increasing the gas metal abundance. There is no inflow or outflow of material to the region, i.e., it is a "closed box". Searle & Sargent (1972) introduced the concept of "yield", which is the ratio of the mass of metals produced to the mass locked-up in low mass stars. In a Simple Model that runs to gas exhaustion, the average metallicity of the dwarfs is equal to the "yield". Thus, the average of the metallicity distribution function (MDF) for a stellar system indicates the yield of metals from its stars.
The Simple Model age-metallicity relation is linear, while the MDF is logarithmic: for example, there are a thousand stars at [Fe/H]=0 for each star at [Fe/H]=−3. The observed solar neighborhood MDF shows a deficiency in metal-poor stars compared to the Simple Model; this deficit is known as the "G-dwarf problem". The widely accepted explanation for the G-dwarf problem is that inflow of low-metallicity gas has occurred during the evolution of the Galactic disk, with an exponential decay timescale of ∼5 Gyr (e.g., Sommer-Larsen 1991). At early times there was relatively little gas present so only small numbers of metal-poor G-dwarf stars were produced, compared to later epochs when the metallicity was higher.
Chemical evolution models with increasing complexity have been constructed, and they are now much more realistic; for discussion of these I refer the reader to the talk by Nick Prantzos at this conference. However, I find the Simple Model a useful heuristic tool and a good starting point for thinking about ideas in chemical evolution.
The Metallicity Distribution Function
While the mean metallicity of a Simple Model can be used to determine the yield, in stellar systems the mean of the MDF can be affected in several ways:
The mean [Fe/H] for the Galactic halo, found by Hartwick (1976) , is near −1.6 dex, which he explained as due to the halo losing its gas before chemical evolution could go to completion; thus, gas outflow terminated halo evolution at low metallicity.
This contrasts with the explanation for the metallicities of gas and young stars in the LMC and SMC, at [Fe/H]=−0.3 and −0.6 dex, respectively (e.g., Russell & Dopita 1990). The presence of young and old stars (supergiants, RGB and carbon stars) and high gas fractions suggest prolonged evolution, and a low SFR, for these dwarf galaxies; thus, the metallicity may not have had time to reach solar values. However, outflows could also explain the low [Fe/H] of the LMC and SMC; realistic models are required for a full understanding.
Changes in the IMF can also affect the mean metallicity: the yield depends on the mass of iron produced by massive stars, and the mass locked-up in low-mass dwarf stars, both of which varies with the IMF. In this way Ballero et al. (2007) employed an IMF weighted to massive stars to explain how rapid bulge formation, with no Fe from SNIa, could produce a high mean metallicity, near the solar value. An alternative, suggested by A.Pipino, is that the bulge experienced huge mass inflows early-on, giving an extreme G-dwarf problem and higher mean [Fe/H]. Wallerstein (1962) and Conti (1967) Figure 1) .
Alpha Elements
The alpha elements can be divided into two categories: hydrostatic (O and Mg), made in the envelopes of massive SNII progenitors before the explosive event, and explosive (Si, S, Ca, and Ti), principally made during the explosion. Supernova nucleosynthesis calculations (e.g., Woosley & Weaver 1995) show that O and Mg are made by progenitors with masses ∼35M ⊙ , while the production of Si through Ca peaks near 20-25M ⊙ SNII progenitors. Thus, the ratio of [Mg/Ca] should be sensitive to the IMF slope.
The O yield from massive stars is also predicted to be sensitive to metallicity (e.g., Maeder 1992), due to the stripping of the envelope by stellar winds, related to the Wolf-Rayet phenomena. 
The Chemical Composition of Dwarf Galaxies

The Magellanic Clouds
Early abundance studies of Magellanic Cloud stars were restricted to bright supergiants (e.g., Spite et al. 1986 
Alpha Elements in Local Group Dwarf Galaxies
The first Local Group dwarf galaxy abundance measurements, for Draco, Ursa These abundance results are qualitatively consistent with Tinsley's time-delay scenario and the predictions of MB90. They are also consistent with the idea that the halo was formed from accreted dwarfs at very early times, before the bulk of SNIa had occurred. Subsequent enrichment of present day dwarf galaxies decreased the [α/Fe] ratios, but the older, metal-poor, stars in the nearby dSphs have halo-like compositions. Thus, it appears that the Na deficiencies, at least, are common-place among the dwarf galaxies, and that when measured Al is also deficient. More work on Al/Fe ratios would be useful.
The main source for Al and Na is thought to be the hydrostatic phase of SNII progenitors (e.g., Woosley & Weaver 1995), modulated by the neutron excess (i.e., metallicity) as described by Arnett (1971) . Thus, Al and Na should behave much like alpha-elements, but with a metallicitydependent yield trend imposed; so, it is not surprising that Al and Na are deficient in dwarf galaxies, where alpha-element deficiencies are also observed. reflects the pure SNII ratio, then the Fe in the Sgr dSph is ∼85% SNIa material; however, if the bulge contains any Fe from SNIa, then the Sgr dSph SNIa Fe fraction must be even greater. Thus, the Sgr dSph iron-peak elements seem to be dominated by SNIa material, and this system would be useful to compare with predicted SNIa iron-peak yields. In Figure 2 the RGB stars of the Sgr dSph and the bulge have similar [Fe/H], and temperature, so non-LTE effects are unlikely to explain the Al and Na abundance differences.
S-Process Enhancements
Mild enhancements in heavy s-process elements in the LMC supergiants, were first noted by Together with similar Cu and Mn abundances, this chemical similarity with the Sgr dSph suggests a common history, and that Omega Cen may be the core of an accreted dwarf galaxy. The main chemical difference is that Omega Cen possesses halo-like, enhanced, [α/Fe] ratios. I find this difference both puzzling and fascinating, because it is apparently inconsistent with the Tinsley time-delay scenario; thus, the α-enhancements in Omega Cen may provide a critical clue for understanding chemical evolution.
The s-process abundance patterns in these dwarf systems indicates significant nucleosynthesis by metal-poor AGB stars, which McWilliam & Smecker-Hane (2005a) suggested resulted from leaky box chemical evolution, in which the MDF possessed a larger fraction of metal-poor stars than the solar neighborhood. Initially, these galaxies would have formed early, metal-poor, populations proportional to the mass of gas, but by late times a large fraction of the gas had leaked-out, such that the ejecta from the now relatively large population of old, metal-poor, AGB stars dominated neutron-capture element abundance pattern of the late-time gas. Presumably, leaky-box chemical evolution must be quite general and apply to many dwarf galaxies, and it seems reasonable that the amplitude of the effect may be greater for lower-mass galaxies.
Manganese and Copper
The solar neighborhood (i.e., halo, thin and thick disk populations) trend for The Cu deficiencies in dwarf galaxies indicates a paucity of high-mass stars in these systems, although the metallicity-dependence could play a role. This lack of material from massive stars is consistent with the prolonged star formation and leaky box scenario suggested by the abundances of the α and s-process elements. By this same argument, one would expect that bulges and giant ellipticals, or systems with high SFR and/or an excess of high-mass stars, should possess [Cu/Fe] enhancements, relative to the solar neighborhood. 2003) speculated that this metal-dependence should also apply to SNIa, which also synthesize the iron-peak elements. Thus, low [Mn/Fe] ratios in Sgr dSph could be explained by metal-poor SNIa, which might be expected to accompany the metal-poor AGB population.
A Qualitative Model for Dwarf Galaxy Evolution
The chemical properties of the dwarf galaxies, outlined above, can be qualitatively explained in a model of prolonged chemical enrichment with on-going gas-loss, or leaky-box chemical evolution.
The low [α/Fe] trends, the Na and Al deficiencies, and the low [Cu/Fe] ratios at higher metallicities, all indicate low SNII/SNIa ratios in dwarf systems, consistent with low SFRs and prolonged evolution. In particular, the comparison of [Al/Fe] from Sgr dSph to thin disk to bulge suggests that the Sgr dSph iron-peak material near solar [Fe/H] is ∼85% SNIa. Thus, the dwarf galaxies are good places to look for the signature of SNIa nucleosynthesis.
These prolonged formation timescales are supported by the significant enhancements of sprocess material, produced by relatively low mass AGB stars with long main sequence lifetimes. In the case of the Sgr dSph the ages and metallicities of its associated globular clusters also indicate a long formation timescale.
The low mean metallicities and high [hs/ls] s-process ratios provide strong evidence for significant mass-loss from the dwarf galaxies during their evolution. Without such a leaky box chemical evolution the high [hs/ls] ratios from the metal-poor AGB stars would have been overwhelmed by low [hs/ls] ratios at higher [Fe/H], and the mean metallicities would be higher.
In a leaky box at early times a significant metal-poor population is formed, but much of the gas is lost from the galaxy during subsequent evolution, until at late times there is very little gas to form new generations of stars. Thus, there are very few SNII at late times to produce higher α/Fe, Al/Fe, Na/Fe, Cu/Fe ratios, and few high metallicity AGB stars producing low [hs/ls] sprocess ratios. However, by late times the old, metal-poor, population AGB stars eject significant amounts of gas and s-process elements, and thus these dominate the abundance pattern of the neutron-capture elements of the younger, more metal-rich, population.
In this scenario an important question is: where do the iron-peak elements come from at late times? The answer is that they likely come from low-mass SNIa systems, which have prolonged main-sequence lifetimes, and are relatively metal-poor, and should accompany the old, metal-poor, AGB population. The low metallicity of the SNIa explains the measured low [Mn/Fe] ratios in the more metal-rich stars of the Sgr dSph and Omega Cen, since Mn yields are expected to be metallicity-dependent.
Detailed chemical evolution models are required to constrain the amount of gas lost from these dwarf galaxies. Other phenomena to be modelled include the retention of ejecta from various sources, such as AGB stars, SNIa, and SNII, which have very different kinetic energies; also, the effects of dark matter and cooling (i.e., metallicity) on gas retention. The models would be very helpful for understanding the evolution of these galaxies and to constrain the sites of nucleosynthesis for various elements, and constraining stellar yields. It would be helpful to have a set of predicted abundance ratios for dwarf galaxies from such detailed models, as a function of some mass-loss parameter. So far, most of the abundance anomalies found in dwarf galaxies were observed, not predicted.
Of significant interest is the role of the IMF in dwarf galaxy chemical evolution. In particular, a major question for understanding star formation in galaxies is whether the IMF slope is everywhere the same, but with reduced high-mass end cutoffs in dwarf systems. It is possible to probe the IMF with various element ratios that are sensitive to stellar mass (e.g., [Mg/Ca], [C/O]), although the interpretation may require modelling. Comprehensive CNO abundance results for dwarf galaxies, and other element ratios, such as [Rb/Zr] and D/H in these systems would provide interesting tests of the paradigm outlined here.
